Curcumin is a yellow dye in the crude drug "Turmeric" (Curcumae Rhizoma) from the rhizome of Curcuma longa L. (Zingiberaceae). Curcumin is reported to have anti-inflammatory, 1) anti-oxidative, 2) liver protective, 3) anti-spastic 4) and anti-tumor effects. 5) We reported that curcumin had an antiallergic effect using the type I and IV allergy model animals 6) and also that curcumin had an inhibitory effect on histamine release from rat peritoneal mast cells.
Elucidation of Anti-allergic Activities of Curcumin-Related Compounds with a Special Reference to Their Anti-oxidative Activities
Tohoku University. RBL-2H3 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum at 37°C in 5% CO 2 atmosphere. For an assay of histamine release, cells were suspended in 0.05% BSA-Tyrode buffer (pH 7.4) after trypsinization by trypsin-EDTA solution. After washing twice with 0.05% BSA-Tyrode buffer, cells were suspended at a density of 1ϫ10 5 cells/ml in 0.05% BSA-Tyrode buffer.
HL-60 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum at 37°C in 5% CO 2 atmosphere. The cells were seeded at a density of 5ϫ10 5 cells/ml and cultured for 7 d in the presence of 0.75% dimethylsulfoxide (DMSO) to induce cell differentiation. For an assay of superoxide anion scavenging activities, DMSOdifferentiated HL-60 cells were suspended in PBS (pH 6.8). After washing twice with PBS (pH 6.8), cells were suspended at a density of 2ϫ10 6 cells/ml in PBS (pH 6.8). 12, 13) Either 50 ml of Con A (final conc. 100 mg/ml) or 25 ml of calcium ionophore A23187 (final conc. 1 mg/ml), as a histamine release stimulant, was added to 400 ml of RBL-2H3 cell suspension (4ϫ10 4 cells). The solution was incubated at 37°C for a designated time, and then centrifuged for 5 min. Amounts of histamine in supernatant and cell pellets were determined by post column-label HPLC method using o-phthalaldehyde. 14, 15) In the experiments with Con A, 25 ml of phosphatidyl serine was added to 400 ml of RBL-2H3 cell suspension at the same time as the Con A application. Test compounds were dissolved in PBS or suspended in 4% DMSOcontained PBS, and 50 ml of test compound solution was added to 400 ml of RBL-2H3 cell suspension at the same time as application of a histamine release stimulant. Oxatomide (final conc. 50 mg/ml) was used as a positive control. Histamine release was expressed as the percentage of the total amount of histamine in the supernatant. In the experiment with test compounds, the values were expressed as the percentage inhibition of histamine release against the control value after correction for spontaneous histamine release. The concentration required for 50% inhibition of histamine release (IC 50 ) was calculated from the results of each group.
Assay of Histamine Release
Assay of the Scavenging Activities on DPPH Radicals 16) An ethanol solution of each test compound (1 ml) was added to 1 ml of DPPH-ethanol solution (final conc. 30 mM). After mixing vigorously, the solution was incubated at 30°C for 30 min. DPPH radicals were determined by measuring absorbance of 520 nm. The scavenging activities against DPPH radicals were calculated by absorbance of 520 nm using formula (1 Assay of the Scavenging Activities on Superoxide Anion in Cells 17, 18) 250 ml of PMA, as a stimulant for inducing superoxide anion (final conc. 2 mM), and 250 ml of cytochrome c, as a reagent for determining superoxide anion (final conc. 20 mM), were added to 500 ml of HL-60 cell suspension. The solution was incubated at 37°C for 30 min, and then centrifuged for 5 min. Cytochrome c reduction was measured at 550 nm in the supernatant. Test compounds were dissolved in PBS or suspended in 1% DMSO-PBS, and 250 ml of test compound solution was added to 500 ml of cell suspension at the same time of application of PMA and cytochrome c. SOD (final conc. 50 U/ml) was used as a positive control. The scavenging activities on superoxide anion were calculated by absorbance of 550 nm using formula (2). The concentration required for 50% scavenging of superoxide anion (IC 50 ) was calculated from the results of each group.
Superoxide anion scavenging activity (%) ϭ [A550 (PMA stimulated cell)ϪA550 (sampleϩPMA stimulated cell)] / [A550 (PMA stimulated cell)ϪA550 (sample without cell and PMA)] ϫ100 ииииииииииииииииииииииииииииииииииииииииии (2) Statistics All data were indicated as the meanϮS.D. of n experiments. Statistical analysis was performed by a one-way analysis of variance (ANOVA) followed by the Dunnett multiple comparison test. Values of pϽ0.05 were considered statistically significant.
RESULTS

Effects of Curcumin-Related Compounds on Histamine
Release from RBL-2H3 Cells Induced by Concanavalin A (Con A) The effects of fifteen curcumin-related compounds (final conc. 100 mg/ml) were examined, and the results were shown in Fig. 2 . The histamine release was significantly inhibited by curcumin and compounds 2 (diglucosylcurcumin), 4 (monoglucosylcurcumin), 6 (diglucosyl-bisdemethoxycurcumin), 8 (monoglucosyl-bis-demethoxycurcumin), 9 (digalactosylcurcumin octaacetate), 10 (digalacto- sylcurcumin), 11 (monogalactosylcurcumin tetraacetate), 12 (monogalactosylcurcumin), 13 (tetrahydrocurcumin; THC), 14 (monoglucosyltetrahydrocurcumin) and 15 (diglucosyltetrahydrocurcumin). Oxatomide, an anti-allergic drug, also caused a significant decrease in histamine release. Among these curcumin-related compounds, curcumin and compounds 2, 4, 6, 8, 10, 12, 13, 14 and 15 showed fine dose dependency (Table 1 ). According to the IC 50 values, the potency order was curcumin, compounds 13 (THC), 12, 14, 4, 15, 10, 2, 8 and 6. The glycosides of bis-demethoxycurcumin (compounds 6 and 8) were less potent than those of curcumin and THC.
Effects of Curcumin-Related Compounds on Histamine Release from RBL-2H3 Cells Induced by Calcium Ionophore A23187 The effects of fifteen curcumin-related compounds (final conc. 100 mg/ml) were examined, and the results were shown in Fig. 3 . Histamine release was significantly inhibited by curcumin and compounds 2, 4, 6, 8, 10, 12, 13 (THC), 14 and 15. The inhibition by these compounds occurred with dose dependency (Table 2 ). According to their IC 50 values, the potency order was curcumin, compounds 13 (THC), 14, 12, 6, 4, 8, 15, 2 and 10. The monoglycosides of curcumin and THC (compounds 14, 12 and 4) were more potent than their diglycosides (compounds 15, 2 and 10).
Scavenging Activities of Curcumin-Related Compounds on DPPH Radicals Scavenging activities of fifteen curcumin-related compounds were examined, and the results were shown in Table 3 . The DPPH radicals were dose dependently scavenged by curcumin and compounds 3, 4, 11, 12, 13 (THC) and 14. According to their IC 50 values, the potency order was curcumin, compounds 13 (THC), 12, 14, 3, 11 and 4. All diglycosides of curcumin-related compounds (compounds 1, 2, 5, 6, 9, 10 and 15) and monoglycosides of bis-demethoxycurcumin (compounds 7 and 8) did not show dose dependent scavenging activities. Scavenging Activities of Curcumin-Related Compounds on Superoxide Anion in Cells Radical scavenging activities of fifteen curcumin-related compounds were examined in HL-60 cells, and the results were shown in Table 3 . The superoxide anion radicals were dose dependently scavenged by compounds 4, 12, 13 (THC) and 14. According to their IC 50 values, the potency order was compounds 13 (THC), 14, 12 and 4. In contrast, curcumin did not elicit superoxide anion scavenging activity in a dose-related fashion. The scavenging effect of SOD was definitely noted in a concentration of 50 unit/ml. potency of each activity varied among them. To investigate a causal relationship between both of the activities, the anti-allergic activities were plotted against the anti-oxidative activities (Fig. 4) . The correlation coefficient between anti-allergic activities and scavenging activities on DPPH radicals was 0.719 (Fig. 4A) , while the correlation coefficient between anti-allergic activities and scavenging activities on superoxide anion was 0.743 (Fig. 4B) . Both correlation curves were significantly linear (pϽ0.05). From the plotted values (Fig.  4A ), all compounds with high potency for anti-oxidative activities (curcumin and compounds 4, 12, 13 (THC) and 14) showed potent anti-allergic activities. Moreover, several compounds with non-potent potency for anti-oxidative activities (compounds 2, 6, 8 and 10) showed definite anti-allergic activities.
Correlation between Inhibitory Activities on Histamine
DISCUSSION
Curcumin and its demethoxy compounds (curcuminoids) are contained in Turmeric (Curcuma longa), and their glycosides may be present there. Orally administered curcumin is metabolized to tetrahydrocurcumin (THC) 8, 9, 18) or conjugated forms. THC is considered to be an active ingredient of curcumin. Few or no reports, however, have so far been concerned with the structural features of curcumin in developing pharmacological activities.
Curcumin has been reported to possess anti-inflammatory 1) and anti-allergic (type I and IV) effects 6) in experimental animal models. These effects were closely associated with inhibition of biosynthesis of prostaglandins (PG), leukotrienes (LT), 1, 5) nitric oxide (NO) 19) and cytokine (IL-16, IL-5 and TNF-a), as well as inhibition of histamine release from mast cells. 7, 10) In addition, curcumin was shown to possess anti-oxidative activities.
2) So, we assumed that a variety of pharmacological activities of curcumin would be fundamentally due to its anti-oxidative activities. To confirm this possibility, we measured the anti-allergic and anti-oxidative activities of curcumin-related compounds using in vitro methods, and investigated the relationship of both the activities.
In the present study, curcumin, THC, and some of their glycosides inhibited the histamine release from RBL-2H3 cells induced by Con A or A23187. Con A is known to induce histamine release by cross linkage of IgE receptors. 20) IC 50 values were calculated from DPPH radical or superoxide anion scavenging activity in each group (nϭ2-3). SOD (50 unit/ml) showed 57.6% scavenging of superoxide anion in HL-60 cells. Fig. 4 Correlation between Anti-allergic Activities (Con A-Induced Histamine Release) and Anti-oxidative Activities (DPPH Radical and Superpxide Anion)
Concentrations of test compound were as follows: A) DPPH radical scavenging (4 mg/ml); inhibition of histamine release (50 mg/ml). B) Superoxide anion scavenging (100 mg/ml); inhibition of histamine release (50 mg/ml) Cur; curcumin. For compounds 1-15, refer to Fig. 1. A23187 induces the degranulation of mast cells by increase in intracellular Ca 2ϩ level. The present results suggest that most of curcumin-related compounds may act on the degranulation process after Ca 2ϩ entry in mast cells and inhibit the histamine release. Moreover, curcumin inhibited the histamine release as potently as THC did. In the literature, curcumin was stronger than THC in inhibiting PGE2 production or NO production. [21] [22] [23] In contrast, THC was stronger than curcumin in eliciting anti-oxidative activities. 9, 24) Accordingly, orally administered curcumin could exert anti-allergic activities, even if it were largely metabolized to THC by reductase in the intestinal epithelium cells.
Curcumin has two phenolic hydroxy groups, two methoxy groups and three conjugated double bonds. The reduction of conjugated double bonds did not influence the potency in inhibiting histamine release because of high potency of THC. Demethoxy compounds of curcumin were also reported to inhibit the histamine release as potently as curcumin.
10) However, phenolic glycoside compounds of curcumin and THC less potently inhibited histamine release, and their tetraacetate or octaacetate ones only weakly inhibited histamine release. From these findings, phenolic hydroxy groups of curcumin and THC are confirmed to play a significant role in inhibiting histamine release.
Radical scavenging activities of curcumin-related compounds were determined by two different methods. In the DPPH radical scavenging experiment, anti-oxidative activities were definitely noted by curcumin and its monoglycoside, but not by the diglycosides of curcumin and bisdemethoxy form. Similar results were obtained in the case of THC-related compounds. These findings clearly suggest the important role of phenolic hydroxy and methoxy groups of curcumin-related compounds in the development of anti-oxidative activities. In the radical scavenging experiment with HL-60 cells, THC, monoglycoside of THC and monoglycoside of curcumin exerted anti-oxidative activities. In contrast, curcumin was weak in developing oxidative activities. This would be due to low permeability of curcumin into HL-60 cells, since the monoglycoside of curcumin was more potent than curcumin.
The present study showed that there was a significant correlation between anti-allergic activities and DPPH or superoxide anion radical scavenging activities. This finding suggests that anti-allergic activities of curcumin are fundamentally due to its anti-oxidative activities. However, several compounds (2, 6, 8 and 10) with non-potent potency for antioxidative activities also showed definite anti-allergic activities. Accordingly, some compounds may exert anti-allergic activities through mechanisms unrelated to anti-oxidative activities.
Meanwhile, compounds 3 and 11 showed the scavenging effects on DPPH radicals in tube, but did not exert inhibitory effects on histamine release in cells. Both compounds have tetraacetate moiety in their chemical structures. When compared with compounds (4, 12) lacking tetraacetate moiety, compounds 3 and 11 have larger molecular weight and lower dissolubility to water. This may cause their low permeability to cells, leading to absence of the anti-allergic effects in cells. Accordingly, it was presumed that all compounds with radical scavenging activities in tube did not exert inhibitory effects on histamine release in cells.
It is well known that reactive oxygen species (ROS) are intimately relevant to the induction of inflammation. The ROS generated in macrophages may produce PGE2, NO, cytokine (IL-1b, IL-6, TNF-a), leading to the development of inflammation. [25] [26] [27] [28] Free radicals derived from metabolites of unsaturated fatty acids or morphine were shown to induce histamine release from rat mast cells. [29] [30] [31] Besides, curcumin was reported to depress the release of ROS from macrophages 32) and inhibit histamine release from rat mast cells. 7, 10) Tannins and their related polyphenols, well known to have anti-oxidative activities, also inhibited histamine release induced by superoxide in rat mast cells. 33) These findings indicate that antiallergic activities are closely associated with radical scavenging activities.
In conclusion, hydroxy groups of curcumin may play a significant role in exerting both anti-oxidative and anti-allergic activities, and most of the compounds may develop antiallergic activities through mechanisms related to anti-oxidative activities, but some others through mechanisms unrelated to the anti-oxidative activities. Anti-allergic effects of curcumin may also be related to inhibition of protein kinase C, phospholipase A2, phospholipase C, 5, 34, 35) along with inhibition of cyclooxygenase (COX) and 5-lipoxygenase (5-LO). 1, 36, 37) Further studies will be necessary to elucidate the reason why curcumin has a variety of pharmacological activities.
